Introduction
The studies about high explosives (HEs) have been a topic of interest in military and industry fields. Their basic physical and chemical properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] are investigated in recent decades. Various experts have focused on the thermal performance and decomposition reactions of HEs. As everyone knows, the N-NO 2 and C-N bond cleavage play an important role in the decomposition reactions [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , and under the high pressure, the N-NO 2 bond cleavage is suppressed [14, 15] . Beyond that, some scholars reported that the C-H bond weakened under the high pressure and high temperature [15, 16] . In contrast to these decomposition reactions, we found out that very few theoretical results have been understood for the fundamental microscopic electronic properties of these energetic materials during detonation. Similarly, the study of pressure dependence of the electronic properties of HEs is still in its infancy.
It is said that in the initial decomposition of HEs, the bandgap and electronic properties are indispensable factors. And these factors are closely related to the impact sensitivity [17, 18] . As well known that, the electronic properties of HEs are all dependent on the system pressure of HEs. Thus, it is necessary for us to investigate the electronic properties of energetic materials under the pressure.
In fact, the properties of electrons are closely related to the metallic properties, a lot of important studies have been made to discuss the metallic properties under high pressure [16, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Such as, Kuklja et al. [21] performed an attempt the ab initio Hartree-Fock level using two different solid-state models to find out the effect on the crystal electronic properties. This work indicated that the metallization pressure of RDX crystal and which containing a molecular vacancy are 180 and 120 GPa, respectively. After a few years, Margetis et al. [23] pointed out that the metallization pressure of nitromethane could reach at 200 GPa via the self-consistent charge density-functional tight-binding method. Using ab initio density-functional theory and configuration interaction methods, Wu et al. [27] predicted the metallization pressure of TATB is 120 GPa. From the above results, it is not difficult to find that the data D r a f t 4 containing the metallization pressure of energetic materials is almost always obtained under hydrostatic pressure conditions. Compared with hydrostatic pressure conditions, there are only a few studies on the metallization pressure of energy materials under dynamic compression or shock loading. It is generally known that impact compression belongs to non-equilibrium molecular dynamics and static compression belongs to equilibrium dynamics.The impact compression is accompanied by high temperature and high pressure. However, static compression usually occurs near normal temperature. Therefore, Shock waves produce metallization at a lower pressure compared to hydrostatic pressure. Ge et al. [16] studied pressure-induced metallization of condensed phase β-HMX under shock loading and reported that the metallization pressure of HMX is about 130 GPa. Reed et al. [31, 32] adopted the molecular dynamics (MD) in conjunction with multi-scale shock technique to forecast that, nitromethane and HN 3 have the transition process from insulation to semi-metallic state under shock loading. Via the density functional theory (DFT) calculations, He et al. [33] analyzed the effect of molecular vacancy on the metallization process of β-HMX under 9 km/s shock loading, the critical pressures are 38.42 and 42.67 GPa for the models with six-, two-molecule vacancy, respectively.
Briefly, the relative studies about the prediction of metallization pressure of the energetic materials under shock or dynamic compression is far from mature. The studies that have been done have only involved HMX, nitromethane, and so on.
Through the simulation and calculation of the previous period, we drew a conclusion that the RDX sensitive for shock propagation along x or y-direction, but less sensitive for shock propagation along z-direction in which the reaction rate was also slower (J.
Mol. Graph. Model. 2018; 7217:Theoretical Study for Anisotropic Responses of the Condensed-Phase RDX under Shock Loadings). Thus, based on the previous investigation, we investigated the electronic structure of RDX under shock loading applied along the different directions in this work. We hope that our research will D r a f t 5 further explore the related metallization pressure of RDX and could be helpful to other scholars on the origin of energetic materials sensitivity.
Computational Details
The simulations performed in our study were implemented in the CP2K code [34] by using quantum MD in conjunction with multi-scale technique (MSST). This method is based on the Navier-Stokes equations and combines molecular dynamics and the one dimension (1D) Euler equations to model the propagation of the shock wave for compressible flow [35] . The computational cell of the multi-scale technique follows a Lagrangian point through the shock wave. It aims to constrain the molecular dynamics system to the same thermodynamic states. By using this method, a small computational cell with fewer atoms is sufficient to simulate a shock wave, which saves more time and simulates a longer timescale [36] .
Meanwhile, the electronic-structure calculations are based on the self-consistent charge density functional tight binding (SCC-DFTB) scheme [37] . It is an approximate quantum chemical method derived from the density functional theory (DFT) based on a second-order expansion of the DFT total energy. A reliable, accurate, rapid, and universally transferable method can be established to simulate and characterize large-scale molecular and condensed systems, providing a high degree of transferability and universality for ground-state and excited-state properties. Elstner et al. [37] also showed that the scheme is numerically stable for all scale systems and clearly demonstrates the successful operation of the method on different systems and materials by describing various benchmark results. In the past studies, this method has helped us to carry out research on nitromethane and TATB under pressure [23, 38] which obtained results comparable to other density functional calculations. Not only that, it has also been successfully tasted in both organic and bioorganic systems [39, 40] , and has been shown to accurately predict the reaction energy.
In our study, the simulation super-cell was taken from experimentally determined X-ray crystal structure [41] . The unit cell consists of eight RDX molecules with 168 atoms which is a typical orthorhombic molecular crystal. As shown in Figure 1 (b), a periodic MD simulation cell consisting of 64 molecules, corresponding to 2×2×2 unit cells, was selected for RDX to make the simulation model approach the practice sufficiently. The initial models were built by using materials studio (MS) package. In this package, we use the conjugate gradient to perform cell geometry optimization to get the reasonable lattice parameters. The initial RDX structure used in the condensed phase simulations with four independent parameters a = 26.9395 Å, b = 23.1103 Å, c = 22.0273 Å and α = β = γ = 90°. In this geometry optimization, the convergence criterion for the maximum geometry change between the current and the last optimizer iteration was converged to less than 3.0×10 -3 bohr. The convergence criterion for the maximum force component of the current configuration was converged to less than 4.5×10 -4 hartree/bohr. The convergence criterion for the root-mean-square (RMS) geometry change between the current and the last optimizer iteration was converged to less than 1.5×10 -3 bohr. The convergence criterion for the root-mean-square (RMS) force of the current configuration was converged to less than 3.0×10 -4 hartree/bohr. The wave function was converged to less than 10 -6 au, and the time step was 0.05 fs.
In this simulation, the shock velocity we selected is 12 km/s,which is above the experimentally determined steady detonation shock speed [42] , about 8.6 km/s. Based on bond length and lifetime criteria in the simulations, when the shock wave propagates through the RDX, we realized a procedure to identify individual molecules for following the initial chemical processes. Obviously, this method was also used in the previous literature [15] [16] 38] . When two atoms were closer than a given cutoff distance r c for a time of greater than 50 fs, they belong to the same molecule. Figure 2 shows the time dependence of average temperature, pressure and volume rate at shock velocity 12 km/s along the x, y, z-directions, respectively. We can clearly see that the time span of RDX dynamic research can reach 1020 fs at extreme conditions. We will give a detailed account of the evolution of average temperature, pressure and volume rate over time along the x-direction as an example.
Results and Discussion

Evolution of elastic and plastic compression
As shown in Figure 2 , the initial compression of the elastic strain state (The initial elastic compression is characterized by the volume oscillations. The damping of the volume oscillation is shifted from the free strain degree of freedom to the free atomic level) occurs in the first 60 fs. We can find that the volumes were compressed during the simulations. The temperature shows a short-lived stabilization.
After 60 fs, plastic deformation and compression occur further. This deformation is often accompanied by rapid changes in temperature, pressure, and volume in the initial stage, followed by a slower relaxation cycle. We all know that elastic oscillations are usually short-lived processes. It represents only a small part of the entire simulation process because most of the time is spent on plastic waves. In these oscillations, they can usually be ignored as long as they do not undergo irreversible chemical or plastic deformation.
During the plastic deformation, the volume was reduced by 45%, the pressure maintains a near-constant value of 130 GPa, the temperature rises to 3000 K and then gradually increases to 5000 K because the thermodynamic state increases as the shock wave approaches the RDX crystal. Since it describes a gradual process rather than a stable point, the simulation results show that the temperature is gradually changing. It should be noted that these over-driven temperature and pressure conditions are much higher than the stable explosion of the RDX. Our study is limited to overdriven states that may not be typical of a detonation.
Of course, such a process also occurs in the case of shocks along the y or z-direction. It's also worth pointing out that the temperature, pressure and volume rate in the z-direction behind the other directions. Therefore, we predicted that sensitive for shock propagation along x or y-direction, but less sensitive for shock propagation along z-direction. Next, based on the pressure variation of the physical properties, we study the electronic properties of RDX under the pressure.
Evolution of density of states(DOS)
As everyone knows, the density of states (DOS) plays an important role in the analysis of the physical properties of energetic materials. The density of states (DOS) of a system describes the number of states per interval of energy at each energy level that are available to be occupied by electrons in the condensed matter physics. A DOS of zero means that no states can be occupied at that energy level. A high DOS at a specific energy level means that there are many states available for occupation. For energetic materials undergoing shock compression, the pressure inside the shock wave front can reduce the band gap, and promote the electron excitation from HOMO to LUMO, causing chemical decomposition of explosives. (The HOMO and LUMO are acronyms for highest occupied molecular orbital and lowest unoccupied molecular orbital, respectively.) In this simulation, we reveal this dynamic process with RDX, to uncover the intrinsic mechanism of electron excitation to chemical decomposition.
The DOS curve has several distinct peaks at 0 fs, with the initial band gap of 4.760 eV. As time goes by, the band gap value keeps decreasing to eventually reach 0 eV.
Firstly, we analyzed the total DOS of RDX at different times on the same direction. Figure 3 shows the DOS when the system is shocked along the x-direction at different times. Among them, the moments we select are 0, 100, and 125 fs, respectively. (For clear observation of the change in density of states near 0 eV, we control the abscissa values from -10 eV to 10 eV) What we know is that the energy density of the energy band is projected in the ordinate, so the DOS is obtained.
Therefore, where the DOS is 0 eV, there must be no energy band crossing on the band diagram. In Figure 3 , we can see that at 125 fs, the DOS near 0 eV is greater than 0.
At this time, the RDX crystal has been transformed into the metal conductor insulator.
When the shock time is 125 fs, the corresponding system pressure reached 160.92
GPa, as shown in Figure 3(b) . In previous work, Kuklja et al. [21] indicated that the metallization pressure of RDX crystal is 180 GPa. In fact, the author also pointed out that, experimentally, the number can be somewhat smaller, since in study the crystal lattice was assumed to be composed of the unaltered molecules (a rigid molecule approximation), which is correct at small but not high deformations. Therefore, the value of RDX's metallization pressure that we have obtained is of some practical significance. We also hope our work could provide a useful guidance for future research.
In the previous literature research [17, 18] , some experts and scholars pointed out that the impact sensitivity and reaction initiation of explosives are closely relevant with their microscopic electron properties. Based on the study of metal nitrides, Zhu et al. [17] established a first-principle bandgap criterion for measuring the impact sensitivity of a series of energetic crystals. For high-energy crystals with similar structures or similar thermal decomposition mechanisms, the smaller the bandgap, the easier the electrons transfer from the valence band to the conduction band, and the more they decompose and explode. In the following simulation, we summarize and analyze the total DOS of RDX under different shock directions at the same time. We plot the total DOS along different shock directions at 150 fs in Compared with x or y-direction, there is indeed a significant time lag.
The bond length change in shocked condensed-phase RDX
As we all know, the structure determines the properties of the material. Over time, structural changes in the shocked RDX crystals have been studied in more detail. The RDX crystals shocked in different directions undergo a continuous compression process. Therefore, the chemical bond changes in the shocked RDX crystals. Considering the anisotropy of the shocked RDX molecules, we calculated the dynamic change of the bond length of a certain molecule in the RDX crystal with simulation time. Based on past research experience [12] , we use 1.1 and 1.2 times the average bond length as the criteria for judging bond breakage. In our analysis, when the bond length is greater than 1.2 times the average bond length, we consider it to be a broken bond. We label the C, H, O, and N atoms of selected RDX molecules separately(see Figure1(a) ). At an shock velocity of 12 km/s, We calculated and analyzed the change of bond lengths of N-N, C-N, and C-H bonds under different shock directions, and listed the time corresponding to the breakage of each bond in the form of Table 1 for the above mentioned broken bond rule. We found that the bonds that broke the earliest in the system along the x, y, and z-axes, respectively, were the C-N bond, C-H bond, and C-N bond, and the corresponding times are 117 fs, 130 fs, and 192 fs, respectively. This is very close to the data we used to analyze the earliest appearance of the metallization time of the electron state density of RDX crystals.
Not only that, we also plotted the corresponding graphs for observation and bond of x-direction is easier to break. Figure 8(b) shows the time evolution of the bond lengths of C 2 -H 3 for shock wave along different axial directions, we can see that the length of the C 2 -H 3 bond of y-direction first reaches the standard (at about 130 fs), which indicates that the C 2 -H 3 bond of y-direction is easier to break. Moreover, the time evolution of the bond lengths of C 2 -N 3 for shock wave along different axial directions is shown in Figure 8 In our simulation, it was found that the C-N bond scission plays an important role in the decomposition reaction for the condensed phase RDX, this result has also been supported by previous related studies [9] [10] [11] . Milton Farber [10] performed mass spectrometric studies and indicated the primary decomposition mechanism was C-N bond scission for RDX. In addition, our results also show that the C-N bond fracture under shock loading is tensile fracture, which is different from the fracture under hydrostatic pressure.
Conclusions
The anisotropy of impact sensitivity and microscopic electron properties of the RDX molecules under shock loading along the x, y and z-axes were revealed using D r a f t 13 quantum-based molecular dynamics (MD) calculation in conjunction with multiscale shock technique (MSST). In our simulations, we employed a self-consistent charge density functional tight-binding (SCC-DFTB) method. It was shown that RDX crystals undergo a transition from elastic compression to plastic compression during the entire dynamic shock, and can finally be in an equilibrium state.
Not only that, in the analysis of the DOS of the RDX crystals, the results were shown that the time from insulator to-metal for shock loading along z-direction is later than the other directions. Therefore, we predicted that sensitive for shock propagation along x or y-direction, but less sensitive for shock propagation along z-direction.
Similarly, we found that that the temperature, pressure and volume rate in the 
